A simple, cost-effective and scalable approach for the synthesis of N-doped mesoporous carbons that are effective as ORR catalysts is reported. The synthesis procedure involves two steps: a) production of mesoporous carbons using a template-free approach based on the carbonization of citrate salts of zinc and calcium, and b) N-doping by heat treatment in the presence of melamine. The resulting N-doped carbon possess a high specific surface area, a porosity made up exclusively of mesopores and a large amount of nitrogen functionalities (~8-9 wt %). When used as an electrocatalyst for the oxygen reduction reaction (ORR), the metal-free carbon materials predominantly catalyze the 4 e -process, with an onset potential of 0.9 V (vs. RHE) and a superior kinetic current density (~17 mA cm -2 ) to that of Pt/C at ~0.6 V under basic conditions. In addition, the developed catalysts show a higher stability 2 than commercial Pt/C and excellent electrocatalytic selectivity against methanol crossover.
Introduction
Metal-free carbon materials have gained increasing importance in electrocatalysis for the cathodic oxygen reduction reaction (ORR) in fuel cells. This is due to their high efficiency to catalyze the reaction in alkaline medium along with a better stability, lower cost and broader availability compared to the widespread used platinum [1] [2] [3] . It is well-known that the incorporation into the carbon framework of certain types of heteroatoms gives rise to a notable enhancement in the ORR performance in relation to un-doped carbons, which exhibit extremely low currents and the undesired two-electron pathway towards harmful H 2 O 2 [2] [3] [4] [5] . Although it has been proved that a variety of heteroatoms such as phosphorus [6] , boron [7] , and sulfur [8] can, to a certain extent, catalyze the ORR reaction, carbon materials doped with nitrogen functional groups have emerged as the best metal-free catalyst for the ORR process [4, [9] [10] [11] . Indeed, N-doped carbons exhibit an excellent long-term durability and an improved ORR activity as a result of their high electronic conductivity and the higher electronegativity of N atoms which creates positive charged sites that favor the adsorption of oxygen molecules and their subsequent reduction [3, 9, 12, 13] . However, it is important to note that the ORR activity of N-doped carbon materials not only depends on the presence of abundant N-groups, but also on the easy access of the reactants to these catalytic sites [14] [15] [16] [17] [18] . In this respect, carbon materials with a porosity made up of accessible mesopores are preferred because the transport of reactants and products towards/from the active sites is faster than in microporous carbons [12, 19] . A common approach for the preparation of N-doped mesoporous carbon materials with well-controlled properties is based on nanocasting techniques by using either a hard or soft template [20] [21] [22] [23] [24] [25] . However, these synthetic methodologies are complex, expensive and time-consuming as they require the fabrication of sacrificial templates (inorganic templates or structure-directing agents) besides the use of hazardous substances for template removal [20] [21] [22] [23] [24] [25] [26] [27] , which limits their competitiveness against Pt-based catalysts. Therefore, for ensuring the widespread commercialization of fuel cells, the preparation of N-doped mesoporous carbons with controlled chemical and structural properties by a facile, cost-effective and sustainable method is an important challenge to be overcome. Accordingly, here we present a simple strategy for the fabrication of N-doped mesoporous carbons with good ORR activity. The procedure comprises two steps: a) the production of a mesoporous carbon using direct carbonization of citrate salts of calcium or zinc, and b) the incorporation of nitrogen functional groups by thermal treatment in the presence of melamine.
The resulting N-doped carbons possess a large specific surface area in the 1190-1350 m 2 g -1 range, a porosity made up almost exclusively of mesopores with size of around 11 nm and a large number of nitrogen functionalities (~ 8-9
wt %). The synthesized materials were tested as ORR catalysts in basic media and the results obtained show that they exhibit an excellent electrocatalytic performance and a better catalytic durability than commercial platinum-based catalysts.
Experimental Section

Synthesis of Materials
In a typical synthesis procedure, 
Physical characterization
Scanning electron microscopy (SEM) images were obtained on a Quanta FEG650 (FEI) instrument. The nitrogen sorption isotherms of the carbon samples were measured at -196 °C using a Micromeritics ASAP 2020
sorptometer. The apparent surface area was calculated using the BET method.
An appropriate relative pressure range was selected to ensure that a positive line intersect of multipoint BET fitting (C > 0) would be obtained and V ads (1 − p/p o ) would increase with p/p o [28] . The total pore volume (V p ) was determined from the amount of nitrogen adsorbed at a relative pressure (p/p o ) of 0.95. The micropore volume (V micro ) was estimated using the α s -plot method. The reference adsorption data used for the α s analysis of the carbon samples correspond to a non-graphitized carbon black sample [29] . The primary mesopore volume (V meso ) was determined by difference between the pore volume (V p ) and the micropore volume (V mi ). The pore size distribution (PSD)
was calculated by means of the Kruk-Jaroniec-Sayari method applied to the adsorption branch [30] . X-ray diffraction (XRD) patterns were obtained on a Siemens D5000 instrument operating at 40 kV and 20 mA, using CuKα radiation. X-ray photoelectron spectroscopy (XPS) was performed on a Specs spectrometer, using Mg Kα (1253.6 eV) radiation from a double anode at 150 W. Elemental analysis (C, N and O) of the samples was carried out on a LECO CHN-932 microanalyzer.
Electrochemical measurements
Electrochemical measurements were conducted using an AUTOLAB PGSTAT where is the measured current density, is the kinetic current density, is the diffusion-limited current density, ω is the electrode rotation rate, F is the [ [31] [32] [33] [34] . The onset potential is defined as the potential at which the current density is -0.1 mA cm -2 .
For the rotating ring-disk electrode (RRDE) tests, the disc potential was scanned at 10 mV s -1 , while the ring potential was held at 1. where is the Faradaic current at the disk, is the Faradaic current at the ring, N is the H 2 O 2 collection coefficient at the ring.
3.
Results and discussion
Structural characteristics of the N-doped mesoporous carbons
The mesoporous carbons were synthesized by direct heat-treatment of citrate salts of calcium or zinc at 800ºC followed by acid washing. The mechanism of formation of these carbons has already been thoroughly discussed by us elsewhere [37] . Briefly, at temperatures below 320ºC the dehydration of the salts occurs. When the temperature increases ( 350-500 ºC), two simultaneous processes takes place: the pyrolysis of the organic moiety and the formation of inorganic species (i.e. CaCO 3 or ZnCO 3 ). At higher temperatures, the pyrolysis of the carbonaceous material is completed and the carbonates decompose into the corresponding nano-oxides (i.e. CaO or ZnO) which remain embedded within the carbonaceous framework. The removal of these inorganic nanoparticles -that act as endotemplates-is accomplished by acid washing, which leads to a carbon with numerous cavities in the mesopore range. In order to obtain nitrogen-doped mesoporous carbons, the corresponding mesoporous carbons were mixed with melamine and heat-treated up to 800 ºC as described in the experimental section. During this process, at temperatures < 500 ºC, the polymerization of the melamine takes place giving rise a carbon nitride allotrope (g-C 3 N 4 ). Subsequently, at higher temperatures, this compound decomposes releasing numerous nitrogen-containing species (e.g. C 2 N 2 + , C 3 N 2 + , C 3 N 3 + , etc)
that react with the mesoporous carbon, promoting thereby the incorporation of numerous nitrogen functional groups in the carbon framework [38] . The simplicity of this methodology lies in the use of commercial products which are readily available, such as metal citrates. In spite of its simplicity, however, the textural properties of the resultant carbons (BET surface area, pore volume and narrow pore size distribution) are comparable to those of hard-and softtemplated mesoporous carbons, as will be shown.
The morphology of the N-doped mesoporous carbons was investigated by means of scanning electron microscopy (SEM). As can be seen in More specifically, the PSDs reveal that CCa has a porosity made up of large mesopores centered at 10.8 nm (Figure 1c) , while CZn possesses two pore systems centered at 3.2 nm and 10.5 nm (see Figure 1d ). It is envisaged that the mesoporous structure will allow the reactants to reach the catalytic sites with minor diffusion limitations [12, 19] carbons exhibit an amorphous-like structure with low-degree of graphitization as can be inferred from the XRD patterns in Figure S1 which show two broad bands at around 2θ=24º and 44º. As determined by elemental analysis, the N-doped mesoporous carbons have high nitrogen contents of 8.5 wt % and 9.2 wt % for the CZn and CCa samples respectively (see Table 1 two minor peaks at 401.8 eV and 403.3 eV, which can be attributed to quaternary-N (3.9 %) and pyridine-N-oxides (4.8 %). Similarly, two main contributions were found in CCa sample, which were assigned to pyridinic-N (58.8 %) and pyrrolic-N (28.5%), but only one minor contribution at 401.28 eV, attributable to quaternary-N (12.7%) [39, 40] . Additionally, the XPS analysis discards the presence of any impurity or metal trace in the carbon framework (see Figure S2) . Furthermore, both nitrogen-doped mesoporous carbon possess good electronic conductivities in the 0.9-1.4 S cm -1 range ( 
ORR performance of the N-doped mesoporous carbons
The catalytic activity of the mesoporous N-doped carbon materials was examined by cyclic voltammetry and rotating disk/ring-disk electrode measurements (RDE/RRDE) in a three-electrode electrochemical cell using than that of CCa (4.9 mA cm -2 ), although comparable to that of Pt/C. It is worth noting that the value of E 1/2 of CCa (0.75 V) is only 30 mV more negative than that of the Pt/C used as reference, 70 mV compared to the best Pt/C reported so far [42] and 130 mV compared to the best metal free N-doped carbon catalyst [43, 44] . In order to further compare the electrocatalytic performance, the kinetics of the ORR reaction were investigated under different RDE rotation rates at a scanning rate of 10 mV s -1 . As can be seen in Figure S3 , for potentials > 0.83 V, the current densities are independent of the electrode rotation rate indicating kinetic control, whereas for potentials < 0.58 V, plateau current densities appear indicating diffusion control. The value of these limiting current densities increases with rotation rate due to the shortened diffusion layer [34] . Regardless of the rotation rate, the limiting current density is always The kinetic current density (J K ), which is another parameter normally used to characterize the activity of ORR catalysts, was determined by means of the RDE measurements and calculated on the basis of the Koutecky-Levich analysis [23] . The Koutecky-Levich plot of J -1 vs ω -1/2 at a potential of 0.58 V on the CCa and CZn electrode exhibits good linearity in 0.1 M KOH (see Figure   4c ). The calculated J K value for the CCa sample is 16.9 mA cm -2 , which is almost twice the value obtained for the CZn carbon (9.5 mA cm -2 ) and superior to that of commercial Pt/C catalyst (8.9 mA cm -2 ) (see Figure 4d) . Furthermore, this value is superior to that of previous reports on nitrogen-doped carbons [20, 23, [46] [47] [48] . To confirm the reaction pathway, a rotating ring-disk electrode (RRDE) system was used, which makes possible to determine the amount of HO 2 -produced during the oxygen reduction reaction. The experiments were conducted at a scan rate of 10 mV s -1 and a rotating speed of 1600 rpm. As can be observed in Figure 5a , the CCa and CZn samples display relatively good The effective ORR activity offered by these N-doped carbons may be attributed to: i) their high porosity made up of large mesopores which reduces mass-transport limitations [12, 50] and ii) the high density of catalytically active sites for O 2 chemisorption and reduction coupled to a relatively good electronic conductivity that reduces kinetic limitations [12, 16, 41, [51] [52] [53] [54] . which have been shown to be the active sites for the ORR process, and lower amount of pyrrolic-N, which seems to contribute to the activity of the twoelectron process as already commented [21, 45, 58] . All these characteristics allow to compensate for the somewhat lower electronic conductivity of this material (see Table 1 ).
The electrocatalytic activity of the synthesized materials was also [64, 65] . Figure 7d reveals the higher stability of the N-doped mesoporous carbons in comparison to commercial Pt/C, similarly to the basic medium. Thus, after 3500 cycles, there is a slight decrease of activity in the case of CCa and CZn carbons, whereas commercial Pt/C suffers a diminution of 70 mV on the onset potential and a 30 % loss on the diffusion-limited current density. Interestingly, after the test, the performance of CCa is comparable to that of Pt/C (slightly more negative onset and E 1/2 potentials, but higher limiting current). Hence, the initially less active catalyst, can match Pt/C activity after long-term operation.
Conclusions
In summary, a facile template-free synthesis approach towards nitrogen-doped mesoporous carbons useful as metal-free ORR electrocatalysts is herein presented. The synthesis procedure consists on the direct carbonization of citrate salts followed by an additional heat-treatment step in the presence of melamine. We have investigated systematically the pore structure, chemical composition and electrocatalytic activity of the mesoporous carbons derived from two different citrate salts (i.e. zinc and calcium). The carbon derived from calcium citrate exhibited an onset potential of 0.9 V (vs. RHE) and a kinetic current density of ca. 17 mA cm -2 in KOH electrolyte, both values being superior to those of the carbon derived from zinc citrate. Moreover, its catalytic activity is comparable to that of commercial Pt/C with a higher long-term stability and selectivity against methanol electrooxidation. In acid electrolyte, the onset potential is only 50 mV inferior to that of Pt/C and 90 mV superior to that of the carbon derived from zinc citrate. The good electrocatalytic performance offered by the calcium citrate-derived N-doped mesoporous carbons is the result of an optimum mesopore transport system which reduces mass-transport limitations and a high density of catalytic sites (i.e. pyridinic and quaternary-N) which efficiently catalyze the four-electron process. The lower amount of pyrrolic-N in comparison to the zinc citrate-derived carbons seems to be essential for reducing hydrogen peroxide generation.
